A novel dual tip nanomanipulation atomic force microscope (AFM) platform operating in ambient conditions is presented. The system is equipped with a high frequency quartz piezoelectric self-sensing scanning probe for fast imaging and a passive cantilever for manipulation. The system is validated by imaging and selective pushing/pulling of gold colloid beads (diameters from 80 to 180 nm). This provides a more compact integration compared to an external optical lever and avoids several of its drawbacks such as optical interference and noise, and recalibration in the case of a moving cantilever and a fixed laser source and photodiode sensor. Moreover, as the quartz oscillator exhibits oscillation amplitudes in the sub-picometer range with a resonant frequency in the megahertz range, this dynamic force sensor is ideal for fast AFM imaging. Experiments show an increase by five times in imaging speed compared to a classical AFM system.
Introduction
New tools for the assembly of MEMSs and NEMSs (micro/nano electro-mechanical systems) in efficient and repeatable ways are required today for novel applications of nanotechnologies [1] [2] [3] . New strategies for fast micro-and nanomanipulation are in demand for the fabrication of new proof-of-concept nanosystems in laboratories, but also for industrial production. Micro/nanoassembly in high vacuum conditions of SEM (scanning electron microscopy) appears to be a promising approach; nevertheless, it remains very expensive due to the equipment cost and it is unpractical for industrial applications because of the requirement of confinement of the SEM chamber [4] . The development of micro/nanoassembly techniques in ambient conditions could hence remove most of these constraints and generalize these assembly, characterization and fabrication processes [5] .
Micromanipulation in ambient conditions is generally performed by microtweezers or atomic force microscopes (AFMs) [6] [7] [8] [9] [10] . The former have mainly been used for picking and placing of micro-objects of more than 10 µm [3] . Their lack of dexterity and force feedback, the adhesion effects between the tool and the object, and their dependence on an external visual sensing device are the primary factors that limit their widespread use for smaller objects. On the other hand, AFMs, compared to traditional microtweezers, Figure 1 . Tip-object interaction with a two-tip AFM. (a) Approach with a classical AFM cantilever, where cantilever collision is possible, (b) use of protruding tips to avoid kinematical constraints during approach and (c) an AFM with a cantilever with a protruding tip and a quartz oscillator. The length of the tip attached to the oscillator avoids contact between the cantilever and the body of the quartz sensor.
can sense forces in a wider range, from tens of pN up to the µN range. This sensitivity to low forces in addition to their ability to image the surface removes the dependence on external visual sensing and allows reversible manipulation of smooth and fragile objects. AFMs have been widely used for 2D micro-and nanomanipulation in the air by pushing/pulling procedures [11] [12] [13] [14] . One of the drawbacks of 2D nanomanipulation with traditional AFMs is that the same tip is used for imaging and manipulation. Hence, these two procedures need to be accomplished serially. Recently, out-of-plane spatial manipulation has been achieved by building microtweezers with two independently controlled AFM arms with optical levers [5] . This greatly improves the potential use of the AFM by increasing the capabilities and efficiency of the manipulation process for 3D microand nanomanipulation in ambient conditions. Furthermore, one of the tips can be used for imaging while the other is used for manipulation, making 2D manipulation in parallel with imaging possible [15] . This application of the two-tip AFM, like the classical AFM, remains limited by the speed of image acquisition. Recent progress seems to confirm that some improvements are possible [16] [17] [18] [19] [20] . Additionally, it is limited in dexterity because of the kinematic complexity of the setup: as the photodiode sensor and laser source are fixed with respect to a moving cantilever, the force acquisition is spatially limited to a small range.
In this work, a new approach to improve the imaging speed of an AFM system and its dexterity is proposed, by replacing the AFM probe with a faster and self-sensing one, exploring in this way the dynamics of the nanoworld. Dynamic force sensors working in amplitude modulation (AM-AFM), or frequency modulation (FM-AFM) with small amplitudes of oscillation (less than a few nanometers) allow minimization of the contact operation on the sample, which limits the shear forces applied to the surfaces of objects. This allows the exploration of soft and fragile materials, even with stiff probes such as quartz sensors [21] . Quartz piezoelectric tuning fork (TF) probes are proposed for true-non-contact mode imaging [22, 2] with small amplitudes of oscillation and for nanocharacterization [23] by directly reading the mechanical properties of the nanostructure with gradient force sensing estimated with frequency modulation [24] . Tuning forks can be found with resonant frequencies of up to 200 kHz [25] . The low resonant frequency directly affects the force feedback rate, thus limiting the imaging speed in force microscopy to tens of minutes. In this work, a novel dynamic force sensor with resonant frequencies in the range of a few megahertz for high speed parallel imaging and manipulation is proposed. This frequency range for the scanning probe would allow the achievement of tens of millisecond frame rates for AFM imaging with an optimized scanner, as demonstrated with optical lever detection cantilevers [19] . An AFM system with two probes is proposed here, with one AFM cantilever for manipulation and one self-sensing scanning probe for fast noninvasive AFM image scanning. In section 2, the manipulation setup using the proposed new probe will be presented. The dynamics and sensitivity of the sensor are then analyzed, followed by imaging and combined imaging and manipulation experiments on nanobeads.
Description of the experimental setup

The manipulation system
Classical AFM cantilevers have a tip attached/edged at a 90 • angle with the lever. Additionally, they are positioned far from the end of the lever. In consequence, approaching the tips of the two AFM cantilevers is challenging due to the geometrical constraints ( figure 1(a) ). This issue has been solved by using AFM cantilevers with protruding tips, as seen in figure 1(b) [5, 15, 26] . In this work, a two-tip system based on one AFM cantilever with a protruding tip and one quartz oscillator is proposed. The protruding tip of the cantilever combined with the length of the tip attached to the quartz makes collision between the bodies of the two sensors unlikely, and collision between the two tips possible ( figure 1(c)) .
One of the advantages of this system is that the kinematical configuration of the piezoactuators as well as the force sensors can be easily modified and adapted to specific applications. The system diagram of the new system is represented in figure 2 and can be described as follows. Instruments, p-153.10.H) with a motion range of 10 µm and a sub-nanometer resolution on each axis. The piezotube is well compensated by the Prandtl-Ishlinskii operator on its hysteresis [27] and is mounted on an X-Y-Z manual microstage. For the oscillation control of the quartz oscillator, an OC4-Station from SPECS-Nanonis (Zürich, Switzerland) is used. This station has the advantage of integrating all the systems for fast dynamic AFM operation, until 5 MHz of bandwidth: a lock-in amplifier, a phase locked loop (PLL), an automatic gain control (AGC), data acquisition hardware and software and a real time operating system. A custom home-built transimpedance preamplifier to drive the high frequency piezoelectric scanning probe has been built to develop a gain of G trans = 6.37 M over 4.6 MHz of bandwidth, as illustrated in figure 3 . The noise level of detection has been measured to be 1.57 pA Hz −1/2 .
(iii) An X-Y-Z nanostage (MCL Nano-Bio2M on the X-Y axes, PI P-732.ZC on the Z-axis) with a maximum motion range of 50 µm × 50 µm × 10 µm and a closed loop sub-nanometer resolution is used to drive the sample.
(iv) Two data acquisition cards (National Instruments NI6289 and NI6259) with resolutions of 18 and 16 bits in A/D transfer and maximum sampling frequencies of 625 kHz and 1.25 MHz are used for data acquisition from the optical lever, the amplifier of the cantilever and the transimpedance preamplifier of the high frequency quartz scanning probe, and to actuate both of the X-Y-Z piezotubes by outputting voltage signals to three independent high voltage amplifiers. AFM imaging with the quartz oscillator tip (tip II) can be carried out by moving the substrate with the closed loop stage or by moving the sensor with the open loop piezoscanner. The latter has the advantage of avoiding movement of the substrate, thus keeping the distance between the cantilever tip (tip I), and substrate constant during imaging. The closed loop nanostage and tip I are used for manipulation.
Force sensor preparation
Dynamic force sensing is an alternative for increasing the speed and the dexterity of the system. This technique has generally been used with quartz tuning forks with a typical resonance frequency of 32.768 kHz [2] . For high speed AFM, even using frequency modulation, these sensors remain slow due to their low data rate. In consequence, in order to take advantage of dynamic force sensing for AFM imaging, the use of quartz oscillators with higher resonance frequencies of several megahertz is preferable. The quartz resonators used (Citizen America CSA310) have a resonant frequency of 3.579 545 MHz according to the manufacturer. The geometry of this quartz is different with a monolithic rectangular and convex AT-cut quartz body [28] compared to the two-prong geometry of a tuning fork. The resonance frequency, and also the spring constant of this resonator for shear wave oscillations, is mainly determined by the material properties and the thickness of the crystal, as explained in detail in [28] . Figure 4 shows different views of the oscillator. The packaging (figure 4(a)) is very similar to a tuning fork: the quartz is isolated from the outside by a capsule in vacuum. This capsule is mechanically removed by tweezers to transform the high frequency resonator into a scanning probe. Then, to obtain the AFM probe, a tungsten tip (T-4-10-1 mm, tip radius 100 nm, GGB Industries) is glued to the resonator using the electrically conductive silver epoxy Epotek H21D (Epoxy Technology). The long tip (millimeter range) configuration of the stiff monolithic quartz probe marks another radical difference compared to a standard AFM using silicon based cantilevers with a micrometer range tip. This needle-like configuration paves the way to new opportunities for sample access of the scanning probe, where the embodiment of a standard AFM cantilever can hinder nanoscale imaging or mechanical characterization as its tip is too short.
The quality factors of several scanning probes have been characterized as between 10 000 and 200 000, depending on the position of the tip on the monolith and the weight of glue added. An example of frequency sweep can be seen in figure 5 . For this quartz with a tip, the resonance frequency is measured as f 0 = 3.579 10104 MHz and the quality factor is Q = 125k. The stability of the OC4 PLL controller (SPECS-Nanonis) is given as 1 ppb d −1 , but with a noise figure in the frequency, considering the probe and our preamplifier, this limits the precision for tracking the resonance frequency shift during scanning to 10 MHz. The mechanical amplitude of oscillation for the surface oscillation mode of the quartz tip is estimated as A = 166 fm with [29, 30] 
where V out and G trans are the output voltage and the gain of the transimpedance preamplifier respectively, f 0 and K are the frequency and the spring constant of the oscillation mode of the quartz resonator respectively and d is the piezoelectric coefficient of the piezoelectric strain coefficient, which is equal to 3.3 pC N −1 following [29, 30] for an AT-cut quartz crystal resonator. K = 0.636×10 10 N m −1 has been estimated for the shear thickness mode of oscillation with [33] 
where G s = 31 GPa is the shear modulus of the quartz. Ignoring its convex shape, its effective dimensions are t = 0.362 mm, w = 1.9 mm and L = 7.92 mm. This sensor has a resonance frequency around a hundred times higher than the silicon cantilever with protruding tip used for the manipulation operation (Nanosensors ATEC-FM) [5] . This, combined with the high quality factor and stiffness, make this quartz a high speed, very sensitive sensor with amplitudes of oscillation in the sub-Ångstrom range making it ideal for fast true-non-contact-mode imaging. Additionally, the stiff probe avoids the jump-to-contact problem due to attractive surface forces and avoids bending during pull-off with liquid meniscus forces due to the presence of water in air operation. In order to take advantage of the high speed of the sensor, the AFM controller has been improved to increase the detection bandwidth compared to the previous version of the two-tip nanomanipulation AFM platform published previously in [5, 15, 26] .
Probe dynamics and sensitivity
The oscillation mode of rectangular AT-cut quartz resonators has been studied in several works [31] [32] [33] . It is known with precision that the AT-cut quartz resonator fundamental oscillation mode is in the thickness shear mode, as depicted in figure 6 . These oscillations are parallel to the surface. The amplitude of these oscillations decreases with the distance to the center of the quartz. This has been validated experimentally with the quartz used in this paper and also described in the literature [34] . In fact, the position of the added mass (tip with glue) has a critical role in the value of the final quality factor of the sensor. As the distance of the attachment from the center of the quartz increases, the higher the quality factor is and the lower the excitation amplitude is.
at the same time, larger amplitudes of oscillation are observed in the middle area but with poor quality factors. The same mode of oscillation is also present on the other side of the sensor, but mass compensation has not been attempted to symmetrize it. In summary, the tip is attached between the middle of the quartz and the end to achieve a compromise between the oscillation amplitude and the quality factor to obtain the maximum sensitivity. This position is obtained empirically and tends to be closer to the end than the middle of the sensor. This procedure of tip placement is reproducible for each monolithic resonator.
The quartz can be used as a force sensor in two different ways. The first method for force sensing with the quartz consists in using the shear forces. This is called a lateral force sensor [2] . For the shear mode, it is the friction force gradient between the tip and the surface that is probed. In this case, the tip oscillates parallel to the substrate ( figure 6(a) ). For the second method, the oscillation of the quartz is in the axis of the tip ( figure 6(b) ). For this, the tip needs to be attached parallel to the longitudinal axis of the quartz. This is called the normal mode and non-contact forces are used to control the distance between the tip and the sample.
To obtain the shear mode, the tip oscillates parallel to the substrate. This can be achieved with two different configurations, the first of which is shown in figures 6(a) and 7(a), and the second of which is shown in figure 7(b) . An example of a distance spectroscopy curve is illustrated in figure 8 . In this case, the frequency shift increases with friction due to the increase of contact force. It is suspected that the compression transmitted by the tip in the shear mode of oscillation of the monolithic resonator acts differently for a normal or a parallel strain. This point requires further investigation and deserves more numerical simulations taking the tip into account with regard to its influence on the oscillation modes of the quartz. The set point should be as small as possible to avoid wear of the tip and modification of the substrate.
It is challenging to obtain the normal mode due to the length of the tip that needs to be attached. Additionally, the longitudinal axis of the quartz would be aligned with the Z-axis, making the overall height of the probe too long compared to the focal distance of the optical microscope on top of the AFM. Thus, in order to make a probe sensitive to the non-contact forces, the tip has been attached with an angle α ( figure 7(c) ). It is a hybrid configuration, and it is sensitive to both non-contact and friction forces. For this configuration, the distance spectroscopy curve is depicted in figure 9 . This mode appears very sensitive to the attractive (B) and then repulsive (C) regimes of the surface forces. The tip diameter has been determined by SEM to be about 100 nm, which may explain the large attractive forces observed. To control the quartz force in order to control the distance between the tip and the sample in this mode, the frequency shift setpoint can be set in either the attractive or the repulsive zone (dashed bars on top of the curve in figure 9 ). The attractive regime is more stable because the range is larger. In consequence, the setpoint can be set far from regions of inversion of behavior, and so inversion of the controller. The controller's parameters were set for only one of the regions; in consequence, if there is a swap from attractive to repulsive due to noise, for example, the controller will not work. Therefore, a set point close to the inversion of behavior should be avoided. In the repulsive zone there is a risk of hard contact of the tip with the substrate due to the high stiffness of the sensor. loop piezoscanner (shown in figure 2 ), an AFM image of a calibration grid substrate has been made (figure 10). On this AFM topography map, due to the size of the pitch of the substrate (5 µm), the closed loop nanostage on the X-Y axis is used to obtain a large enough lateral excursion. For the Z-axis the open loop piezoscanner is necessary due to the higher resonant frequency to perform faster scanning compared to the closed loop. The lateral dimensions of the image are 20 µm × 5 µm. To avoid the dependence of the Z-control on the image acquisition, the trenches are aligned with the fast axis of the scanning (X) prior to scanning with an optical microscope. The quartz used for this example is working in a hybrid mode. The attractive forces control zone is used for controller stability by reducing the risk of contact. The X-Y-Z-piezo controllers' scanning speeds are manually set, resulting in an image acquisition time of 12.6 s. This is an important improvement of fifty times in acquisition time compared to the acquisition speed of the previous version of the system [15] . The AFM software controller had to be redesigned to be able to handle the increased data flow from the higher scanning speeds. It has been developed on a real time operating system (Debian squeeze with rtai patch) and the precision has increased from 1-10 ms to 1-10 µs. In this particular case, the controller was not set at full speed, and the step time used with the real time operating system was twenty times higher than the precision/latency of the system.
Imaging of loose objects on a hard surface.
After the experiments on hard surfaces and calibration of the piezoscanner had been carried out, gold colloid beads of different sizes (Ted Pella, Inc) were deposited on top of a silicon substrate using the method described in [35] . Initially, two images of 150 nm diameter beads were conducted using the hybrid force mode ( figure 11(a) ) and friction force mode ( figure 11(b) ). This is a repeatable process and both techniques are noninvasive with the substrate. The diameter of the nanospheres was estimated using the height of the sphere in the image, avoiding the lateral convolution effect of the tip end, making the dimensions seem larger in the image than they are. The image quality with both modes of operation was the same and this was mainly due to the small amplitudes of oscillation.
Under an optical microscope (Olympus BX50WI) it is easier to see the tip of the quartz when it is working in the shear mode ( figure 7(a) ). This is particularly interesting for the coarse approach between the two tips. Primarily for this advantage, it was selected as the imaging mode for the following experiments.
Thereafter, an AFM image in a larger range was conducted on several nanospheres of 80 nm diameter. The raw data of the image can be seen in figure 12 . The slope of the substrate on the image is due to the alignment between the open loop piezoscanner and the substrate and not to an uncontrolled drift effect, such as thermal drift. The pyramidal shape of the imaged spheres is mainly due to the tip II apex geometry of the quartz probe in addition to the attachment angle of the tip. This scan was repeated several times without modification of the positions of the nanospheres. The scanning speed of the tip was manually set to obtain a relatively long acquisition time of 72 s, mainly to avoid physical damage to the tip. This experiment validated the new AFM imaging arm of the two-tip AFM system with the high frequency quartz probe, in terms of the data acquisition speed and processing for the electronics. In addition, both normal and lateral modes have been experimentally validated. In section 3.2, an application in nanomanipulation of the new version of the system is shown. The high frequency quartz tip is used for fast imaging in combination with the cantilever tip for manipulation.
Combined high speed imaging and nanomanipulation
3.2.1. Overview of the manipulation task time. To depict the advantages of the parallel imaging and manipulation task, the whole manipulation task time needs to be analyzed. The task time, t task , of the parallel imaging/manipulation operation can be given by [15] 
where t s is the scanning time of one image frame and t m is the total manipulation time estimated from the sum of the manipulation time of each single nanoobject. For the normal-speed AFM, t task is often equal to 2 × t s , except for a complex manipulation task that cannot be fulfilled within one frame period, where the manipulation task time is t m + t s . Even if the duration is reduced from 2 × t s to t m + t s , at the best, it cannot be improved further. Hence, most improvement in efficiency lies in reducing t s . The novel two-tool system presented here targets this aim while avoiding any compromises in manipulation dexterity. Improvement of the manipulation speed t m is not within the scope of this work; in consequence the manipulation process was carried out serially with the imaging.
Manipulation protocol.
The coordination of the two arms of the system requires a careful planning of the manipulation operation. The following steps detail the progress of a complete task.
(i) The first step is the initial approach of both tips to the substrate. For tip I, this is carried out with successive movement steps between the motorized microstage and the closed loop nanostage in the Z-axis until the contact is in the motion range of the nanostage. For tip II, the approach is carried out with the manual microstage and (ii) Once the tips and the substrate are within range of the piezoactuators, Y-axis scans are carried out with yip II in order to find tip I ( figure 13 ).
(iii) Now that the position of tip I is known with respect to tip II, an AFM image of the substrate is scanned with tip II. The end of tip I should appear in the image as well as the objects to manipulate. This allows the positions of objects with respect to tip I to be known. The open loop piezo is used to scan the surface with tip II (quartz) to avoid changing/modifying the distance between the other tip (tip 1, cantilever) and the surface. In this way, the edge of tip I can be scanned by tip II and be seen in the AFM image.
(iv) The next step is the 2D manipulation of nanoobjects on the substrate ( figure 14) . The cantilever of tip I is used in the static mode. The force is monitored during the entire process to detect the contact between tip I and the object as well as the pushing. The closed loop nanostage is used to move the substrate. (v) Finally, tip II is used to scan the surface again in order to obtain an AFM image of the substrate with the new positions of the objects.
Manipulation results.
The result from a manipulation task of three gold colloid nanobeads of 80-150 nm diameter following the protocol from section 3.2.2 is presented here. This result demonstrates the nanomanipulation efficiency of the two-tip AFM to operate in ambient conditions. Once the two tips are within range according to the first step, the edge of tip I in contact with the surface is found while scanning with tip II, as seen in the profile of figure 13 . Hence, the relative position between each tip is estimated. The triangular shape in the top of the scan in addition to the measured height allows differentiation from a nanosphere. Afterwards, an AFM image is made with tip II starting near tip I and getting further away, as shown in figure 15(a) . Once the position of the tip with respect the nanospheres is known, the nanoparticles are moved using tip I. In this particular case, three nanospheres were pushed to show the manipulation capabilities of the new system with two cooperative scanning probe arms. During the pushing of the nanospheres, the lateral and normal force behaviors are monitored with tip I, and they are estimated from the photodiode output and cantilever stiffness. An example of the output of the photodiode for diagonal pushing ( figure 14(c) ) of gold colloid bead number 1 can be seen in figure 16 . As a result of the diagonal pushing, forces in both the X-and Y-axes are felt. The pushing in the X-axis makes the cantilever bend up, resulting in a positive voltage shift ( figure 16(b) ). In the Y-axis, the cantilever bends counter-clockwise, resulting in a negative voltage shift ( figure 16(a) ). The behavior between the bending of the cantilever and the sign of the voltage shift is predefined by the geometrical configuration of the laser, cantilever and photodiode.
The final manipulation result is depicted in figure 15 (b). Nanospheres 1-3 and 5 with diameters of 120, 90, 150 and 90 nm were successfully pushed with force feedback to the desired position. In this last image, the diameter of the colloids increased in the X-Y-axis due to the wear of the tip; this is a consequence of the large diameter apex of the tip used combined with the shear mode. The image size of 15(a) before manipulation is 2 µm (150 pixels) in the X-axis and 2 µm (750 pixels) in the Y-axis. The image acquisition time is 108 s at 1.4 (X-axis) lines per second. The image size of 15(b) after the displacement of the three nanobeads is 2 µm (60 pixels) in the X-axis and 2 µm (600 pixels) in the Y-axis. The image acquisition time is 79 s at 0.76 (X-axis) lines per second. Due to the slow response of the Z piezoscanner, the X-Y piezoscanner speed was tuned down. The high speed piezoscanner control was not within the scope of this work, although the literature already contains new insights on this topic [19] . The pushing or pulling of the nanospheres was not automated and the process was not within the scope of this work. In consequence, manipulation times were not considered, but only image acquisition times.
Conclusion
A dual-tip nanomanipulation AFM platform working in ambient conditions equipped with a high speed piezoelectric self-sensing scanning probe for fast AFM imaging and a cantilever for manipulation is demonstrated. The quartz oscillator used as a self-sensing scanning probe provides a more compact integration compared to an external optical lever, avoiding in consequence artifact effects of optics like interference noise and different frames of reference for the moving cantilever and fixed laser/photodiode scheme. The sub-picometer amplitude oscillation combined with the high resonant frequency (MHz) make this dynamic force sensor ideal for fast AFM imaging. Even though the system is limited by the response of the piezoscanner actuators, the speed of the manipulation process has increased by at least five times. The needle-like configuration of the quartz with a millimeter long tip allowed easier placement on the sample compared to the micrometer long tip of a standard cantilever.
In our next experiments, integration of high speed piezoscanner control [19, 20] with high speed dynamic force feedback is planned, as this is the speed bottleneck of the system described in this paper. Evolution to a complete self-sensing nanomanipulation platform with a piezoresistive microlever for the manipulation operation instead of the optical cantilever is the next step. Therefore, not only will the manipulation and imaging time be reduced, but also a fully dynamic system will decrease the high coordination times between the arms prior to the manipulation. Furthermore, nanomanipulation in liquid environments for biology could be achieved, as piezoelectric self-sensing to explore proteins has recently been demonstrated [21, 36] . Further studies on modeling of the high frequency quartz oscillation mode with a tip are required in order to estimate quantitatively the force applied during the imaging and manipulation procedures.
Force feedback has been a major characteristic of atomic force microscopes for breaking micro-and nanomanipulation barriers. High speed dynamic self-sensing force feedback is a new technique for improving the performance of these systems and could be used to achieve high speed coordination of more than two arms for parallel imaging and 3D manipulation or parallel manipulation. This advance suggests a serious prospect for fully automated micro/nanoassembly and characterization of NEMSs and MEMSs.
